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Abstract – This paper discusses a multi-objective optimization
approach to generation expansion planning. Power system plan-
ning, nowadays, must deal with a wide range of options, with
a large degree of uncertainty and with conflicting objectives
due to the liberalization of the electricity market and increasing
concern for the environmental impact. Multicriteria decision-
making method is combines with conventional dynamic pro-
gramming to compare different alternatives. Practical applica-
tion of proposed approach concern the Macedonian electric sys-
tem.
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I. Introduction

One of the basic objectives of power system planning is to
determine the best possible investment options for the loca-
tion, technology and timing of installing generation facilities,
financing such investment and meeting satisfactory operation
requirements in order to meet future demand for electricity
over a planning horizon. The criteria, usually, are to mini-
mize the total cost and maximize the reliability with different
type of constraints. The total cost has two basic components:
the investment cost given by construction cost of generating
units and interconnection links and the operating cost associ-
ated to the fuel cost of the thermal system units.

The major complicating factors in such analysis include
simultaneous consideration of demand side resources, uncer-
tainties and risk management. Many planning factors are un-
certain during planning process such as [7]:

� demand growth;

� fuel prices;

� interest and inflation rates;

� economic growth;

� environmental constraints;

� financial constraints;

� public opinion;

Etc.
The standard solution approach of the generation expan-

sion problem in some planning models are deterministic by
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minimizing the total present worth of investment and opera-
tion costs subject to various types of constraints. The expan-
sion plan is based on the best available forecasts and takes the
optimal investment decision associated to the first stage of
this plan (for example, the current year). This approach does
not necessarily lead to the most adequate expansion strategy
because an investment decision for the current stage is op-
timal under the assumption that the future conditions will
occur as predicted. Used values for the model parameters,
usually, are determined by more or less complex estimations.
The problem with them is that these estimations have proved
to be erroneous most of the times.

The other usual way of introducing uncertainty has been
by probabilistic analysis. But, the degree of uncertainty may
vary, ranging from items showing stochastic behavior within
a known probability distribution to that exhibiting apparently
chaotic behavior. Magnitudes may be known, but not fre-
quency or timing and it is really difficult to assign probabili-
ties to any of the different considered events. Although prob-
abilistic analysis may be considered suitable for short-term
uncertainties, it is certainly not the case for most uncertain-
ties implied in a long-term planning process. For long-term
uncertainties, we cannot assign probabilities, but rather pos-
sibilities.

Therefore, it becomes necessary to introduce in the deci-
sion making process a systematic and consistent treatment
of these sources of uncertainty [7]. This task is very com-
plex in metho-dological and computational terms. In con-
trast with “natural” uncertainty such as hydrological vari-
ation or equipment outages, many uncertainties mentioned
above are dependent on economics and politics organization.
Inclusion of environmental groups, industrial firms and con-
sumer groups into the decision-making process related to en-
vironmental quality, reliability and cost of electricity, play a
role in choosing a strategy to meet future electric demand.
The fact that the decision process includes groups with such
different viewpoints makes the choice of a single plan more
difficult. This not only requires a wider scope in the methodo-
logical tools, but changes in the way results are presented.
The concept of a “plan” as an expansion schedule is inade-
quate. It is necessary to have expansion strategies which take
into account the “tree” of possible future scenarios and the
dynamics of the decision making process.

The traditional objective function must be reformulate be-
cause the use of only one objective (usually cost) not ade-
quate represent conflicting objectives such as, for example,
economic costs and environmental impacts and etc.

Therefore, power system planning is decision process ,
which attempts to resolve multiple-conflicting objectives [2].
It is often not possible to identify a single plan, which simul-
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taneously optimizes all objectives. The solution is the selec-
tion of a “robust” plan, which may not be the best plan in
some future, but is a good plan in most futures.

Uncertainty imposes risk and each type of uncertainty has
different implication for decision-makers and analysts.

Risk management and evaluating of risk management
strategies is now an important part of the integrated resource
planning process [3]. Competitive forces are adding new
risks that make responsible decision-making even more diffi-
cult. Planners are shifting from simply optimizing resource
investments assuming a certain future to a different mode
planning, assuming uncertainty.

Each type of uncertainty has different implication for
decision-makers and analysts. At the broadest level, three
classes of prescriptions exist. For uncertainties in the op-
erating environment of the decision makers (uncontrollable
exogenous variable) technical investigation is in order. For
uncertainties about guiding values of the decision-makers
(weighting factors on the objective function), consultation
about policy priorities is needed. Finally, for uncertain-
ties about future decisions on related agendas, coordination
among actors is crucial.

II. Methodology

The framework and methodology presented in this paper ac-
cepts the reality that there is no optimal solution, in that the
future is essentially unknowable. For these reason the frame-
work is based on the comparative analysis of multiple sce-
narios concerning alternative futures. The framework allows
the resource planner to utilize existing accepted planning and
financial tools to develop the information upon which the
trade-off analysis is based. High speed and inexpensive com-
putational capabilities make the generation and evaluation of
multiple scenarios possible

The methodology tries to integration the following charac-
teristics [2]:

� considers multiple criteria;

� based on optimization techniques;

� takes into account the preferences of the different social
interest group;

The core of the methodology is WASP III Plus production-
cost simulation model developed by the International Atomic
Energy Agency and the Argonne National Laboratory. Used
in conjunction with other analytic methods, a wide range of
options and uncertainties can be evaluated.

By evaluating how different supply strategies perform un-
der a variety of possible futures, robust strategies can be iden-
tified. Capacity expansion strategies are evaluated against a
range of possible changes in electric demand, fuel prices,
and fuel availability. The comparative performance of vari-
ous strategies over the range of possible future events iden-
tifies the most robust or least vulnerable strategies with re-
spect to price, reliability, environmental emissions and other
important measures.

The first phase of the proposed method [2] is the selection
and characterization of technologies and fuels, both in the
generation and demand sides, which may be available for the
electricity system for the planning horizon.

The second step requires the generation of scenarios that
incorporate all the uncertainties to which the planning pro-
cess is subject (technical parameters, macroeconomic data,
regulatory measures and etc.). Given the interrelation among
many of these parameters, it should be possible to generate a
small number of scenarios, which cover the whole range of
uncertainties. These scenarios should be generated by means
of interaction between analysts and decision-makers.

Than, the preferences of the decision-makers regarding the
criteria considered have to be estimated using the analytic hi-
erarchy process. It is based on a pairwise comparison of the
criteria considered, and assignment of values for this com-
parison from a lexicographic scale. In addition, this method
may be extended for the estimation of group preferences, for
example by the weighted arithmetic mean method.

The preferences held by decision-makers may vary de-
pending on the range of attribute values and therefore this
information has to be presented to them before they elicit
their preferences. The usual approach is to present them with
payoff matrices. Payoff matrices are matrices where the val-
ues of the attributes of the problem are shown for the optimal
solutions obtained for every one of the criteria considered.
These matrices help understand the trade-off among conflict-
ing criteria, and show the ideal and anti-ideal values for each
of the attributes or criteria. Payoff matrices are built by run-
ning traditional single criteria optimization models for each
of the criteria considered.

Once the criteria have been weighted, the generation of the
efficient strategies for each scenario is undertaken by means
of compromise programming theory. Compromise program-
ming is based on the assumption that the preferred solution
will be the one whose distance to the ideal point (the one
in which all criteria considered reach their optimal level) is
minimal.

The efficient strategies generated up may only be consid-
ered in an economic sense. When other uncertainties are in-
troduced, it is necessary to incorporate risk analysis into the
decision-making model.

III. Case Study

The multi-objective criteria were used to evaluate the relative
impacts of some capacity expansion scenarios affecting to
the development of Macedonian power system over a period
of twenty year. The three criteria considered were:

� economic cost;

� fuel import vulnerability;

� risk of plant disaster;

At present, the major characteristic of Macedonian elec-
tric power system is domination of thermal power plants,
which produced about 85% of total electricity demand. The
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whole installed capacity is 1440 MW distributed as fellows:
(1) Steam power pants: 795 MW; (2) Fuel oil power plants
210 MW; (3) Hydroelectric power plants 435 MW [5].

As were described before, the first step of the proposed
method consisted in selection and characterization of tech-
nologies and fuels expected to be available during planning
period. The remaining reserves of coal and lignite fuel in
Macedonia are quite limited. Additional coal-fired generat-
ing capacities are based on imported coal. There is a sig-
nificant natural gas supply available through a pipeline from
Ukraine and Russia. Several types of gas-fired thermal power
plants are considered as candidates. Nuclear power is also
considered as one of the potential long-term option for elec-
tricity generation. The new capacity thermal units are de-
scribed in Table 1.

Table 1. Thermal Candidate Units

Name
Net

Capacity
(MW)

Fuel
Cost

($/GJ)

Overnight
Cost

($/kW)

Fuel
Type

Bitola
Rehabilitation

207 1,42 810 Lignite

Imported
Coal

207 1,78 1450 Lignite

Gas Turbine
(GT)

122 2,86 280
Natural

Gas
Combined

Gas Turbine
220 2,86 620

Natural
Gas

Cogeneration
(COGN)

175 2,86 670
Natural

Gas

Nuclear 323 0,43 1860 Uranium

The second step consisted on the generation of small, but
consistent number of scenarios, which might account for the
uncertainty related to socio-economic aspects. The genera-
tion of scenarios was based, mostly on rehabilitation of ther-
mal power plants “Bitola”, imported coal and involved a nat-
ural gas-fired plants. For this planning exercise three pre-
sumed scenarios were considered: Power engineers scenario
(Case I), Energy economist scenario (Case II) and Public sce-
nario (Case III).

As was mention above, three criteria was considered: (1)
Costs as a total present worth cost including capital, fuel
and O&M cost; (2) Fuel import vulnerability as a cumula-
tive power production (MWh) for each fuel type and (3) Risk
of plant disaster as a cumulative installed capacity (MW) [1].
In order to obtain the preference weights from each social
interest group the trade-off was done between attributes for
the different scenarios considered. This was done by using of
the payoff matrices, which were build with a single criteria
classical generation expansion model, by which the optimal
solution for each of the three criteria considered was deter-
mined. Each group compared different criteria and thus the
individual preferences were obtained. This individual prefer-
ences were aggregated using the weighted arithmetic mean
method and are presented in Table 2.

Table 2. Relative weights among preferences

Cost
Plant

disastrous
risk

Fuel import
vulnerability

Power
engineers

0,66 0,21 0,13

Nuclear
engineers

0,68 0,15 0,17

Energy
economists

0,75 0,11 0,16

Public 0,35 0,52 0,13

When the preferences given before were introduced into
the multiple-criteria optimization model, the different ef-
ficient solutions under every scenario were obtained. The
multiple-criteria optimization model was basically a classi-
cal generation expansion model in which the objective func-
tion was formed by adding all the objectives considered, pre-
viously normalized and weighted, according to the compro-
mise programming theory.

As should be expected, the introduction of additional cri-
teria (besides from economic costs) generates a more expen-
sive solution depending on the preferences of the decision
maker groups toward the balance between these conflicting
objectives.

It is important to note that this solution will be modified
when other uncertainties are introduced into the analysis, in
such a way that the efficient strategies will be different under
different scenarios. The determination of which of these effi-
cient strategies is the best requires evaluating their behavior
under every scenario considered and using a decision rule,
which incorporates the attitude of the decision-maker toward
risk. The optimal strategies for each scenario, first, should
be obtained, for each set of decision-maker preferences. As
an example, the values of attri-butes of the optimal planning
strategies for power engineers set of preferences, under each
of scenarios are presented in Table 3.

Table 3. Attributes for the optimal strategies under each

Cost
106 ($)

Plant
disastrous
risk (MW)

Fuel import
vulnerability
103 (MWh)

Case I 1719 2681 156

Case II 1772 2590 142

Case III 1854 2825 135

The values of the different attributes are different across
the considered scenarios. This reflects that the optimal ex-
pansion under one scenario may be bad one under another.
To select robust strategies was used decision theory (the Sav-
age criterion) which minimizes regret across all scenarios.
Regret was calculates as the Manhattan distance between the
studied solution and the ideal solution for each scenario. The

452



Blagoja Stevanoski and Arsen Arsenov

Ko
zj

a
k

C
om

b
in

ed

B.
M

o
st

Sp
ilj

e
 2

G
T

Bi
to

la
 1 C

O
G

N

G
ra

d
ec

Bi
to

la
 2

Bi
to

la
 3

0

50

100

150

200

250

300

350

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

20
20

C
a

p
a

ci
ty

 A
d

d
itio

n 
(M

W
)

Fig. 1. Optimal expansion plan for the Case I

most robust strategy for power engineers weights is shown in
Fig. 1.

IV. Conclusion

The use of a multiple criteria in power system planning pro-
cess is useful in assessing how different options are suited
to preparing for an uncertain future. Different perceptions of
relative value of competing attributes allows decision-makers
to weigh and constructively discuss trade-off associated with
any one decision.

This model incorporates the preferences of different
groups of decision-makers, so that the results of the model
may be interpreted in terms of the preferences of society to-
ward these conflicting objectives. The results obtained from
the multiple-criteria model are assessed under scenarios,
which cover a full range of uncertainties. By the application
of classical decision rules, such as the Wald or Savage crite-
ria, the most flexible and robust strategy can be obtained.

Results shown that the application of this methodology
achieves large reduction in risk with small increments in cost,
while allowing the society to express their preferences to-
ward any of the risk considered.

In order to ensured the flexibility and robustness of the
solution, a detailed study should be performed and a large
number of scenarios should be generating by expanding the
set of option and uncertainties, particularly a more explicit
treatment of demand-side management alternatives.
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